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We have measured the superconducting critical temperature (TC) and the diamagnetic 
susceptibility of La2-xSrxCuO4 single crystals in various magnetic fields. We observed a 
field-induced evolution from an apparent TC phase to an intrinsic TC1 = 15 K or TC2 = 30 
K phase characterized by “magic” hole concentration which is commensurate with that of 
a two dimensional electronic lattice. The onset TC of the intrinsic superconducting phases 
remains robust up to H = 5 Tesla. We suggest that the intrinsic superconducting phases at 
“magic” doping concentrations are the pristine electronic phases of high temperature 
superconductivity. 
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It has become clear in recent years that the inhomogeneity is one of the salient 
features in high temperature superconductors (HTS). To pin down the driving forces of 
the underlying inhomogeneities is critical to the ultimate construction of the microscopic 
theory of HTS. Since HTS are derived from chemically doping holes into the parent Mott 
insulating cuprates there are two types of intrinsic electronic inhomogeneities: (1) 
dopant-induced electronic random disorder [1] and (2) the development of novel 
electronic phases such as one-dimensional stripes [2] or two-dimensional (2D) square-
lattice charge ordering [3,4]. The existence of electronic phases naturally involves 
electronic phase separations. Indeed, the electronic phase separation (EPS) into an 
antiferromagnetic phase and a spin-glass phase was observed in Sr-doped La2-xSrxCuO4 
(SD-La214) for x < 0.02 [5]. In the underdoped regime, there is an EPS into two intrinsic 
TC1 = 15 K and TC2 = 30 K superconducting phases in the Sr/O co-doped La2-xSrxCuO4+δ 
(CD-La214) [6]. Far infrared (FIR) charge dynamics studies suggested that, independent 
of the nature of dopants, TC1 and TC2 are very peculiar electronic phases where only very 
small amount (< 1% of the total doped holes) of free carriers are moving in the otherwise 
pinned 2D electronic lattices (EL) with p(4 x 4) and c(2 x 2) symmetries at “magic” 
planar hole concentrations of x = 1/16 and 2/16, respectively [3]. Note that these 2D EL’s 
exist even at room temperature and continuously develop as temperature decreases [3, 4]. 
Most recently real space observation of 4a x 4a 2D charge ordering was reported in 
Bi2212 crystal [7] and rational doping fractions consistent with checkerboard-type 
ordering of Cooper pairs were reported in SD-La214 crystals [8].  
The intrinsic TC phases are illusive: they are energetically close and greatly affected 
by random disorder induced by dopants such that nanoscale EPS always results in Sr-
doped samples, even in the high quality single crystals purposely grown at magic doping 
concentrations [4]. Here we use magnetic field to sort out and study the intrinsic TC 
phases in SD-La214 single crystals. The magnetic field probe is gentle and effective. It 
can “probe” the superconducting state without introducing extra disordering effect due to 
chemical dopants [9]. Since TC1 and TC2 are energetically favored electronic phases it is 
expected that, under external perturbations such as applying pressure or magnetic field, 
the superconductor will settle into a globally optimized state. This optimal state, 
characterized by the underlying electronic texture, can vary from microscopic to 
macroscopic mixtures of the intrinsic electronic phases depending on whether it is hard-
doping or soft-doping, respectively [6]. In this Letter, we report a surprising result that 
the onset temperatures of TC1 and TC2 are ‘robust’ under externally applied magnetic field 
up to 5 Tesla. Therefore, upon applying magnetic fields, all non-intrinsic TC’s have 
eventually transformed and settled into a single TC that equals to either TC1 or TC2 for H > 
1 Tesla. Furthermore, the reorganizing behavior is also observed in the plot of the signal 
size of FC (field-cooled) diamagnetic susceptibility at 5K ( 5KχFC = 5KMFC/H) as a 
function of applied magnetic field.  
Five crystals with hole-doping levels x = 0.063 (~1/16), 0.07, 0.09, 0.11 (~1/9) and 
0.125 (=2/16) and TC ranging from 15 K to 37 K were processed into approximately 1 x 2 
x 0.3 mm3 rectangular shape with the c-axis perpendicular to the largest surface. Details 
of the crystal growth and characterization were reported previously [10]. We measured 
the magnetic susceptibilities with applied field (H) parallel to the c-axis using Quantum 
Design SQUID magnetometer MPMS-XL (for H < 1 Tesla) and MPMS-5S (for H > 1 
Tesla). The MPMS-XL has a monotonic field profile with high overall uniformity (< 1 
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mOe for H < 10 Oe and ~ 0.25% for H up to 1 Tesla) and small residual H (< 0.5 Oe) 
when using 4 cm scan length. To minimize the flux trapping caused by H-inhomogeneity 
or temperature (T) change, the magnetization was always measured during warming 
cycle under a fixed H and the sample was always positioned at the center of the detecting 
coil during cooling or adjusting H. All the data reported have been corrected for the 
demagnetization factor [11].  
In Fig. 1, we show differential FC diamagnetic susceptibility (χ) data measured at 5 
Oe. There are extremely sharp single transitions of TC1 = 15 K and TC2 = 30 K for x ~ 
0.063 and ~ 0.11 [12] samples, respectively. However, in the same series of high quality 
crystals, whenever the TC is away from TC1 or TC2 the superconducting transition 
becomes much broader, manifested as broad dχ/dT curves with multiple-peaks structure. 
These behaviors are consistent with and can be understood in terms of the existence of 
the electronic inhomogeneity due to nano-scale mixing of the 2D EL’s [3, 4, 6, 10]. 
In Fig. 2 we show that the intrinsic TC’s are “robust” under H and behave 
characteristically different from that of the non-intrinsic ones. The T-dependence of 
dχFC/dT of the x = 0.11 crystal as a function of H clearly shows that while the transition 
width (∆TC ) of the intrinsic TC2 of x = 0.11 crystal increases with increasing H, the onset 
[13] of the superconducting transition at 30K is surprisingly ‘robust’ with little field 
dependence (Fig.2a). In contrast, as seen in Fig. 2b, the width of broad dχFC/dT curve of x 
= 0.125 sample does not broaden with increasing H, in stead, the initial apparent TC = 37 
K is continuously suppressed until it reaches TC2 at H ~ 1 Tesla. Again, ∆TC then starts to 
increase rapidly while TC2 exhibits little field dependence for 1 Tesla < H < 5 Tesla. The 
extra peak-like features that appear in both crystals for H > 0.1 Tesla originate from the 
hump of the magnetization due to the well-known vortex phase transition in the vicinity 
of the irreversibility temperature [14, 15]. 
Summarized by the color map in Fig. 3: we observe the same robustness of TC1 (=15 
K) in x = 0.063 crystal (Fig. 3a). However whenever TC is away from 15K, such as that 
of x = 0.07 crystal (TC ~ 22K at H = 1Oe), the broad ∆TC becomes narrower as TC 
decreases with increasing H and then starts to increase at H = 0.5 Tesla as TC reaches 
15K from above (see inset of Fig. 3b). For H ≥ 1 Tesla, the TC remains at 15K and ∆TC 
increases sharply. Similar behavior is also observed in x = 0.09 crystal (Fig. 3c); the 
transition exhibits a two-peak structure, one at TC2 and the other at 23K. The ∆TC of the 
second transition shrinks and disappears for H ≥  0.1 Tesla. Concomitantly, the ∆TC of 
TC2 broadens upon increasing H with TC2 exhibiting little field dependence for 0.1 Tesla < 
H < 5 Tesla. Therefore, when tuned by magnetic field, the superconducting transitions of 
x = 0.063 and 0.07 crystals converge to TC1 = 15K and that of x = 0.09, 0.11 and 0.125 
crystals converge to TC2 = 30K. Furthermore the anomalous broadening and narrowing of 
the ∆TC under field are closely tied to the approaching, from above, to the two robust 
superconducting states through H-tuning. This is characteristically different from that of 
conventional type II superconductors or granular superconductors where there is only one 
non-robust superconducting state with monotonic decreasing of TC under field.  
Another surprising observation is that 5KχFC (H)’s also group into two distinct 
branches corresponding to that of TC1 and TC2 phases for H > 1 Tesla (see Fig. 4). 
5KχFC (H) is a measure of the flux exclusion from a bulk superconductor when cooling in 
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a field H from above TC to 5K. It is greatly affected by flux pinning [16]. To check this 
point we measured four additional SD-La214 crystals of various sizes and shapes such 
that the mass changes by two orders of magnitude ranging from 2.28 mg to 177.2 mg. 
Indeed, there is no systematic 5KχFC  dependence on the sample size and the doping level 
for H < 0.1 Tesla, a clear indication of the presence of non-reproducible extrinsic pinning 
effects even in our high quality single crystals. However, as seen in Fig. 4, 5KχFC (H)’s 
start to group into two distinct curves for H > 0.1 Tesla. For H > 1 Tesla, 5KχFC (H)’s of x 
= 0.063 and 0.07 samples have merged into one universal curve while those of x = 0.09, 
0.11 and 0.125 samples fall on another universal curve. In fact all the available FC data 
found in the literatures [14, 15, 17] fall on the universal 5KχFC -H curve of TC2 for H > 1 
Tesla. 
Noted that the “grouping” of 5KχFC (H)’s does not depend on the size, the shape or 
even the hole concentration of the crystals; it depends only on the bulk TC1 or TC2. 
Therefore each universal 5KχFC -H curve is an “intrinsic” property of TC1 phase or TC2 
phase. This indicates that TC1 and TC2 are indeed genuine thermodynamic phases with its 
own distinct condensate state that eventually overcomes the extrinsic pinning effects and 
become dominate for H > 1 Tesla. This is very unusual for a superconductor since 
increasing magnetic field is effectively increasing disordering effects and in general the 
diamagnetic susceptibility depends, even without pinning, on the shape and the size of 
the sample. Therefore we can view the intrinsic TC1 and TC2 phases as a phase with an 
effective diamagnetic moment ~ 1.7 x10-4 µB per-copper-ion and ~ 5 x10-3 µB per-
copper-ion at 5K in a 5 Tesla field, respectively.  
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There are, as seen in Fig. 4, three characteristic field regimes in 5KχFC -H curve for 
all SD-La 214 crystals studied: (1) the extrinsic pinning dominated regime where there is 
no systematic change of 
5KχFC  with the doping level and sample size for H < 0.1 Tesla; 
(2) the crossover regime where the condensate state of either TC1 or TC2 starts to win over 
pinning for 0.1 Tesla < H < 1 Tesla; and (3) the intrinsic condensate regime where 
5KχFC  
is dominated by either TC1 phase or TC2 phase for 1 Tesla < H < 5 Tesla. In contrast to the 
robust TC1 and TC2 the apparent non-intrinsic TC in regime 1 and 2 changes with applied 
magnetic field. 
The static EPS picture proposed by the FIR charge dynamics studies has a spatial 
resolution which is limited by the wavelength of the FIR light, typically, from 25 µm to 
1000 µm. Therefore FIR probe can not detect many reported nanoscale dynamical 
inhomogeneities in the charge and lattice degrees of freedom [18]. In particular, time-
resolved optical experiments revealed a temperature-dependent universal length scale for 
dynamic charge inhomogeneity (le) in SD-La214 system with le ( T = 25K ) ~ 300 Å that 
continuously increases to le ~ 1100 Å when T = 10 K [18]. Since the inter-vortex spacing 
lv = (Φ0/B)0.5, we find that regimes-1, -2, and -3 are actually corresponding to le (T = 10K ) 
<< lv, le( T = 25K ) < lv < le ( T = 10K ) and lv << le ( T = 10K ), respectively. Therefore, 
when cooled from normal state to 5K in a magnetic field, the distinct characteristic 
regimes sorted out by H were actually dictated by the universal dynamic landscape of the 
underlying electronic texture. Therefore the two distinct 5KχFC -H curves in Fig. 4 led us 
to conclude that le is due to the thermodynamic fluctuations of the intrinsic TC1 and TC2 
phases. Upon entering the superconducting state the applied magnetic field will “see” the 
dynamic nanoscale domains of intrinsic phase only when the inter-vortex spacing 
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becomes comparable to that of universal length scale. Consequently, in regime-1 the 
vortex lattice is very dilute and the bulk superconductivity is realized through, similar to 
a granular superconductor, globally coupling nanoscale domains of various intrinsic 
electronic phases with a field-dependent apparent TC; in regime-2 the influences of the 
intrinsic TC phase kick in and becomes increasingly dominate with increasing field, hence, 
the apparent TC’s gradually merge into either TC1 or TC2 and 
5KχFC  start evolving into 
two groups; in regime-3 the condensate state is dominated by either intrinsic TC1 or TC2 
phase.  
Finally it is interesting to point out that a recent neutron scattering experiment has 
provided a rare glimpse into the TC2 phase through the observation of a field-induced 
three-dimensional (3D) antiferromagnetism in x = 0.10 CD-La214 crystals [19]. It is 
shown that antiferromagnetism is nucleated by vortices and spatially coexisted with 
superconductivity. Note that EL is also 3D with finite inter-planar correlations as seen by 
FIR probe [20]. It indicates that, in regime-3, TC2 phase is a very peculiar state where 3D 
charge ordering at magic doping concentration, 3D antiferromagnetism and 
superconductivity spatially coexist at different length scales.  
In summary, we have identified two, TC1 = 15K and TC2 = 30K, intrinsic electronic 
superconducting phases at magic doping concentrations commensurate with that of 2D 
square lattices in underdoped lanthanum cuprates. They have been observed in samples 
with vastly different types of dopants (Sr/O co-doping vs. pure Sr-doing), sample 
conditions (poly-crystal vs. single crystal) and tuning parameters (pressure vs. magnetic 
field). TC1 and TC2 are robust under field up to 5 Tesla. There is a distinct 
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superconducting condensate state for each intrinsic superconducting phase. It is noted 
that field-induced distinct condensate state has also been suggested in the double layer 
Bi2212 [21] and YBCO [22] systems. We suggest that the intrinsic superconducting 
phases at magic doping concentrations are the pristine electronic phases for high 
temperature superconductivity and further studies of the intrinsic phases will provide 
critical insights for the microscopic theory of HTS. 
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Figure 1: Differential curves of FC susceptibility (dχ/dT) vs. T in 5 Oe field along c-
axis for SD-La214 single crystals of x = 0.063 (~1/16), 0.07, 0.09, 0.11 (~1/9) and 
0.125 (=2/16).  
 
Figure 2: FC dχ/dT curves under various fields for (a) 0.11 and (b) 0.125 SD-La214 
crystals. As guided by solid black lines, the 30K SC phase of 0.11 crystal is ‘robust’ 
under fields up to 5 Tesla, on the other hand, the apparent initial TC (37 K) of 0.125 
crystal decreases rapidly upon increasing H then stays at 30K for H ≥ 1 Tesla. 
 
Figure 3: Field dependences of TC and transition width (color coded) for SD-La214 
crystals with x of (a) 0.063 (~1/16), (b) 0.07, (c) 0.09, (d) 0.11 (~1/9) and (e) 0.125 
(=2/16). Insets are ∆TC vs. TC for 0.07 and 0.125 crystals, respectively. 
 
Figure 4: Field dependences of 5KχFC for nine SD-La214 single crystals. Doping 
levels and masses are indicated. Also included are three sets of data points taken 
from literatures.  
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